Inorganic pyrophosphatase (IPPase) from Thermococcus thioreducens is a large oligomeric protein derived from a hyperthermophilic microorganism that is found near hydrothermal vents deep under the sea, where the pressure is up to 100 MPa (1 kbar). It has attracted great interest in biophysical research because of its high activity under extreme conditions in the seabed. In this study, we use the quasielastic neutron scattering (QENS) technique to investigate the effects of pressure on the conformational flexibility and relaxation dynamics of IPPase over a wide temperature range. The β-relaxation dynamics of proteins was studied in the time ranges from 2 to 25 ps, and from 100 ps to 2 ns, using two spectrometers. Our results indicate that, under a pressure of 100 MPa, close to that of the native environment deep under the sea, IPPase displays much faster relaxation dynamics than a mesophilic model protein, hen egg white lysozyme (HEWL), at all measured temperatures, opposite to what we observed previously under ambient pressure. This contradictory observation provides evidence that the protein energy landscape is distorted by high pressure, which is significantly different for hyperthermophilic (IPPase) and mesophilic (HEWL) proteins. We further derive from our observations a schematic denaturation phase diagram together with energy landscapes for the two very different proteins, which can be used as a general picture to understand the dynamical properties of thermophilic proteins under pressure.
Inorganic pyrophosphatase (IPPase) from Thermococcus thioreducens is a large oligomeric protein derived from a hyperthermophilic microorganism that is found near hydrothermal vents deep under the sea, where the pressure is up to 100 MPa (1 kbar). It has attracted great interest in biophysical research because of its high activity under extreme conditions in the seabed. In this study, we use the quasielastic neutron scattering (QENS) technique to investigate the effects of pressure on the conformational flexibility and relaxation dynamics of IPPase over a wide temperature range. The β-relaxation dynamics of proteins was studied in the time ranges from 2 to 25 ps, and from 100 ps to 2 ns, using two spectrometers. Our results indicate that, under a pressure of 100 MPa, close to that of the native environment deep under the sea, IPPase displays much faster relaxation dynamics than a mesophilic model protein, hen egg white lysozyme (HEWL), at all measured temperatures, opposite to what we observed previously under ambient pressure. This contradictory observation provides evidence that the protein energy landscape is distorted by high pressure, which is significantly different for hyperthermophilic (IPPase) and mesophilic (HEWL) proteins. We further derive from our observations a schematic denaturation phase diagram together with energy landscapes for the two very different proteins, which can be used as a general picture to understand the dynamical properties of thermophilic proteins under pressure.
protein dynamics | energy landscape | denaturation phase diagram | quasielastic neutron scattering | mode coupling theory T he biological functions of proteins, such as enzyme catalysis, are often understood from their crystallographic structures (1) . On the other hand, it is crucial to take into account dynamic behavior to fully comprehend these functions (2, 3) . In vivo, proteins are in constant motion among different conformations (3) (4) (5) . The thermal energy, which is of the order of k B T per atom, where k B is the Boltzmann constant and T is the absolute temperature, triggers biomolecules to sample different conformations around the average structure. These conformations are also known as conformational substates (CSs) (5) . Fluctuations among these CSs play an important role in protein function (3, 5) . These lead to the concept of a multidimensional potential energy landscape (EL) that specifies a complete description of CSs in proteins (6) (7) (8) (9) . The existence of an EL was proposed by H. Frauenfelder and others in the 1970s and has been validated both by computations and by experiments (6) (7) (8) (9) (10) (11) (12) .
Proteins show various dynamic phenomena over a wide range of timescales, from picoseconds to milliseconds (13) . A fast dynamic process, on a timescale of a picosecond to 10 ns, also known as β-relaxation, occurs due to small amplitude fluctuations in atoms/ molecules, such as loop motions and side-chain rotations (14) . The energy barrier or activation energy (E A ) between different CSs for this process is smaller than k B T (15). On the other hand, slow motions, on the timescale of microseconds to milliseconds mainly occur due to the large-amplitude collective motions such as proteinprotein interactions and enzyme catalysis (16) . This process, for which the energy barrier separating CSs is much larger than k B T (14, 15) , is called α-relaxation. The fast and slow dynamics of proteins are connected to each other and provide the necessary balance between stability and flexibility required for their enzymatic activity (13) . In our study, the quasielastic neutron scattering (QENS) technique was used to investigate the fast dynamics in the picosecond-to-nanosecond time range on the length scale from angstroms to nanometers within the protein secondary structure. Because more than one-half of the atoms in biological macromolecules are hydrogen (H), which has the largest incoherent neutron scattering cross-section (17) , incoherent QENS experiments on biological macromolecules predominantly measure the motions of individual H atoms.
Over the past two decades, considerable research effort on protein dynamics has emphasized the effects of temperature and pressure, and has reported significant effects on the motions (18) (19) (20) (21) (22) . In general, below the physiological temperature limit, the volume of protein molecules increases with increase in temperature due to expansion in the subatomic-sized spaces within the molecules and the hydration layer surrounding the protein (23) . Temperature provides conformational flexibility to proteins for enzymatic activities by increasing their conformational fluctuations (24) . Nevertheless, sufficiently high temperature may also distort protein structure and cause unfolding or denaturation (25) (26) (27) . Another thermodynamic parameter, pressure, also plays an important role in protein structure and dynamics (28) (29) (30) (31) (32) (33) . It changes the protein volume (33) and affects protein intermolecular and intramolecular structures explicitly (28, 32) . Evidently, the cavities in folded or native proteins are reduced at high pressure. This perturbs the CSs, giving rise to protein unfolding or denaturation (33) (34) (35) . Therefore, high temperature and pressure together may prevent enzymatic processes in many biomolecules.
Despite the above, some of the microorganisms found in deepsea thermal vents are able to resist the effects of high temperature and pressure (36) (37) (38) . Without any light energy from the sun, these organisms survive, depending on mineral-enriched hydrothermal Significance Deep-sea microorganisms can adapt to extreme conditions of high temperature and pressure. What makes these organisms survive and reproduce in such critical conditions remains an open question. Here, we use the quasielastic neutron scattering (QENS) technique to study the dynamic behavior of a hyperthermophilic protein that is found in the deep sea. Our results give evidence that high pressure affects the dynamical properties of proteins by distorting the protein energy landscape in ways that are significantly different for hyperthermophilic and mesophilic proteins. Consequently, a general schematic denaturation phase diagram together with energy landscapes for the two different proteins are derived, and this approach can be used as a general picture to understand the effects of pressure on protein dynamics and activities. fluids, and can perform their metabolic activities, synthesize proteins, and maintain their native conformations. Thus, they engender great interest among researchers in understanding the possible factors or mechanisms that are unique to these living systems, permitting them to survive under such critical circumstances.
One of the deep-sea microorganisms, Thermococcus thioreducens, is a hyperthermophilic sulfur-reducing euryarchaeote found in hydrothermal vents of the Mid-Atlantic Ridge under abnormal thermodynamic conditions of high pressure and temperature (39, 40) . It lives its life under hydrostatic pressures of about 100 MPa, having an optimal growth temperature range of 356-358 K (83-85°C) (40) . Inorganic pyrophosphatase (IPPase) (enzyme entry EC 3.6.1.1) is an enzyme from this organism, which is of great interest due to its high thermal and biochemical stability (39) . It catalyzes the hydrolysis of inorganic pyrophosphate (PP i ) to form orthophosphate (P i ), which helps in several biochemical processes such as nucleic acid polymerization, lipid metabolism, and the production of proteins (39) . The static structure of IPPase has recently been overexpressed and characterized by neutron protein crystallography (39) . Its quaternary structure is a homohexamer with an oligomeric molecular mass of ∼120 kDa (each subunit is about 20 kDa) (39) . Like its mesophile, it has a complicated network of noncovalent interactions that mainly correspond to the interaction of hydrogen bonds (39) . However, in contrast to these mesophilic equivalents, this enzyme has the ability to perform catalytic activity at extreme pressures and temperatures. It can resist denaturation even at high temperatures above 348 K (75°C), and its optimal temperature for enzymatic activity is 358 K (85°C) (39, 41) . From the structure point of view, to form the stabilizing interactions for its quaternary oligomeric structure, IPPase reduces its translational and rotational entropy for the monomers. These interactions include polar/apolar, hydrophobic, ion pairs, and hydrogen bonds between monomers and non-solvent-exposed cavities (41) . Therefore, the oligomeric IPPase has a highly symmetric and closed hexameric structure, which makes it stable and biologically active at extreme temperatures and pressures. For comparison, we use a small monomeric protein, hen egg white lysozyme (HEWL) as a model protein. It is a well-studied protein and has been used as a model protein for QENS experiments for decades (14, 42) . It consists of 129 amino acid residues that destroy the polysaccharide architecture of bacterial cell walls (43) . It catalyzes the hydrolysis of 1,4-β linkages between alternating units of N-acetylmuramic acid and N-acetylglucosamine. At a pH of 2.0, rapid denaturation in HEWL begins above 320 K (47°C) and at higher temperatures it loses its enzymatic activity (44) . The comparison of enzymatic activities of IPPase and HEWL is shown in Fig. S1 (41, 45) . In our previous investigation at ambient pressure with QENS, IPPase was shown to have distinguishably slower dynamics than that of HEWL in the β-relaxation time range of 10 ps to 0.5 ns, which is intimately related to the local flexibility of the oligomeric structure of IPPase (41) . Such dynamic behavior was observed at all of the measured temperatures from 220 K (−53°C) to 353 K (80°C). It is of great interest to investigate whether the same dynamical behavior holds at high pressure, which reflects the natural living condition of IPPase found in the seabed.
In this study, the relaxation dynamics of both IPPase and HEWL were studied by QENS in two different time ranges on two instruments at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR), in the temperature range from 298 K (25°C, room temperature) to 363 K (90°C) at a pressure of 100 MPa, the native environment for IPPase. Due to the limited dynamic range available on the individual instruments, two QENS spectrometers were used to probe the dynamics in a wide time range from subpicoseconds to nanoseconds. Thus, the dynamics in the time range from 2 to 25 ps was measured using the disk chopper time-of-flight spectrometer (DCS) (46) and from 100 ps to 2 ns was determined using the high-flux backscattering spectrometer (HFBS) (47) . The experimental results were quantitatively analyzed using two analytical models in both the energy and the time domains. The relaxation dynamics of IPPase and HEWL were directly compared in the time domain. Both proteins demonstrate a nonexponential logarithmic-like decay in their relaxation dynamics. Our results demonstrate that, even though IPPase is a complex oligomeric protein, it continues to preserve its conformation, residual motions, and hence enzymatic activity under high temperature and pressure, which is naturally favorable to these microorganisms. However, our model protein, HEWL, lacks the above in its distinguishable dynamic behavior due to imposed high temperature and pressure. We explain these results based on the highly symmetric and closed oligomeric structure of IPPase, which helps to maintain its native conformation and flexibility under highpressure and -temperature conditions. We further derive from our experimental observations a scenario of distorted energy landscape of proteins under pressure and a schematic denaturation phase diagram that can be used as a general picture to describe protein dynamics under extreme conditions.
Results and Discussion
Diffusive Motions of Hydrogen Atoms in Protein Molecules, Analyzed in the Energy Domain. Fig. 1 shows the normalized measured selfdynamic incoherent structure factor S m (Q, ω), derived from QENS experiments at DCS (A-D) and HFBS (E-H). Each sample of IPPase and HEWL was hydrated using D 2 O to a hydration level h = 0.37. Since D 2 O has a small neutron incoherent scattering cross-section compared with that of the H atoms within the protein molecules, the QENS signals can be considered to derive from protein contributions only (24, 48) . Clearly, the central peaks are broadened from the resolution function, characterizing the quasielastic scattering from the samples. The quasielastic component resembles the diffusive motion or the relaxation process of H atoms within the protein molecules in a confined volume and associated with a protein's conformational flexibility (49, 50) . We observe that, for each sample, the higher the temperature, the broader the quasielastic width, implying faster dynamics of the protein molecules. It is clear that the normalized QENS data show faster motions in IPPase than in HEWL at comparable temperatures and length scales. This suggests that IPPase has more conformational flexibility than that of HEWL under 100 MPa of pressure. The QENS data in the energy domain were fitted according to Eq. S1 in SI Materials and Methods. In Fig. 1 , the lower four panels show the fitted data along with a linear background at the wave vector transfer Q = 0.8 Å −1 for the DCS data and at Q = 0.9 Å −1 for the HFBS data, at T = 363 K. The elastic component is represented by a delta function, and the quasielastic component is represented by a Lorentzian function, and both are broadened by the instrumental resolution function. The elastic component in the QENS spectra represents the immobile H atoms; whereas the quasielastic component originates from mobile H atoms in the protein. Half widths at half maximum (HWHMs), designated as Γ(Q) of Lorentzians derived from the QENS data for IPPase and HEWL, are calculated from fitting of the measured QENS spectra with Eq. S1, and shown in Fig. S2 . HWHMs plotted as a function of Q 2 at all of the measured temperatures for IPPase and HEWL, increase with Q 2 and become flat at higher Q values. The Q 2 dependence of the HWHMs suggests diffusive motions of mainly H atoms in a confined volume of space (49, 50) . The HWHMs increase with temperature in both protein samples, suggesting an increase in diffusive motion. In addition, the HWHM values are larger for IPPase compared with HEWL, suggesting a faster diffusive process and hence more conformational flexibility in IPPase than in HEWL. The calculated values of the HWHMs are of the order of millielectronvolts (for DCS) to microelectronvolts (for HFBS), representing diffusive processes in the timescale of picoseconds to nanoseconds.
Using the elastic and quasielastic components of the experimental data, an analytical quantity called the elastic incoherent structure factor (EISF) can be derived. It is defined as the fraction of elastic intensity in the QENS spectra (17) . Modeling of the EISF provides the geometry of diffusive motions in the protein (49). In Fig. 2 A-D , we show the EISFs derived from the QENS measurements as a function of Q at different temperatures for both IPPase and HEWL. The details of the EISF calculation from energy domain data and its verification with the EISF as calculated from time domain data (as shown in Fig. S3 ) are provided in SI Materials and Methods. The decrease in the EISF with increase in temperature for both proteins suggests that the fraction of immobile H atoms decreases with increase in temperature. EISF curves are fitted well with the expression for single diffusive motion of atoms within a sphere. According to this model, each atom diffuses freely within an impermeable sphere (17, 49, 51) . The complete expression for the model can be written as follows: EISF = p 0 + (1 − p 0 )(3j 1 (Qa)/Qa) 2 , where j 1 (Qa), p 0 , and a denote the spherical Bessel function of the first kind of order 1, the elastic fraction, and the radius of the diffusion sphere, respectively.
The fractions of mobile H atoms, 1 − p 0 for the two proteins are plotted in Fig. 2 E and F, as functions of temperature, calculated from DCS and HFBS data, respectively. It is clear that the population of mobile H atoms, 1 − p 0 , is much higher for IPPase than for HEWL at all temperatures, indicating that more mobile H atoms in IPPase are observable within our measurement's dynamic window. This result is consistent for the data obtained at both instruments. Moreover, the increase in 1 − p 0 with increase of temperature indicates that more H atoms are in motion as the temperature rises. Also, the fitting parameter a is listed in Table  S1 and explained briefly in SI Materials and Methods.
Relaxation Dynamics of Proteins Analyzed in the Time Domain. The intermediate scattering function (ISF) I(Q, t) in the time domain is calculated by taking the inverse Fourier transform of the measured self-dynamic incoherent structure factor S m (Q, ω) divided by the inverse Fourier transform of the resolution function R(Q, ω), as described in detail in SI Materials and Methods. The ISF is also known as the single-particle correlation function, and is normally used as an essential tool to describe the relaxation dynamics in protein molecules. It is also the primary quantity of theoretical interest related to the experiment (14, 15, 17, 52) . Previous studies show that proteins share similar dynamic features as glass forming liquids (53-56) that can be described by mode coupling theory (MCT) (15, 57) . The MCT has successfully predicted a nonexponential logarithmic-like decay in the β-relaxation region (picoseconds to nanoseconds) of protein dynamics, and has proved effective in explaining protein dynamical behavior both in experiments and in molecular dynamics (MD) simulations (14, 15, 24, 41, 58) . Therefore, the nonexponential relaxation dynamics in the ISF can be analyzed using an asymptotic expression derived from the MCT (see details in SI Materials and Methods) (15):
where f(Q, T) is a Q-dependent prefactor, proportional to the Debye-Waller factor for small Q, and τ β (T) is the characteristic β-relaxation time, which is a Q-independent parameter. and H 2 (Q, T) are first-and second-order logarithmic decay parameters, respectively, from the model. In Fig. 3 , the ISFs for IPPase and HEWL are plotted and analyzed at three temperatures T = 298, 338, and 363 K at Q values from 0.5 to 1.8 Å −1
. The left and right panels demonstrate the ISFs calculated from QENS data measured at DCS and HFBS, respectively, in the β-relaxation region. One observes an apparent logarithmic-like relaxation process for both proteins in the measured time range. This nonexponential dynamic behavior has been observed in proteins and other biopolymers in many previous studies (14, 15, 24, 41, 58) . The ISFs are fitted according to Eq. 1, and fitted curves are shown in Fig. 3 with solid lines. We obtain four fitting parameters, A(T), τ β (T), H 1 (Q, T), and H 2 (Q, T) by global fitting at all six Q values, where A(T) comes from the Debye-Waller factor (see SI Materials and Methods for details). In Fig. 4 A and B, H 1 (Q, T) as a function of Q at all temperatures for IPPase and HEWL are respectively plotted. H 1 (Q, T) represents qualitatively the slope of the decay, or the power of decay, and can be further fitted by a power law of Q given by Eq. S7,
, where b has a value between 1 and 2 for small Qs, and B 1 (T) is a temperature-dependent parameter, shown in the Inset of Fig. 4B for both proteins. Evidently B 1 (T) is larger for IPPase than for HEWL at all temperatures and increases linearly with increase in temperature, implying larger flexibility in IPPase than in HEWL in the measured energy/time window. The characteristic β-relaxation time τ β (T) is plotted vs. 1,000/T (the so-called Arrhenius plot) in Fig. 4C . The relaxation times can be fitted using the Arrhenius expression, τ β (T) = τ 0 exp(E A /k B T), where E A is the activation energy that enables conformational transition across energy barriers between CSs. This result is consistent with our previous observations of the relaxation time in other proteins including IPPase and HEWL, at temperatures higher than 300 K and at ambient pressure (24, 41, 58) . The calculated values of activation energy E A from the Arrhenius law are 30 ± 4 meV and 43 ± 4 meV for IPPase and HEWL, respectively, slightly higher than the thermal energy k B T at room temperature, which is ∼25 meV. These values correspond to the low-frequency modes of excitations in proteins that are perceptible in the β-relaxation process (14, 59) . The larger value of E A for HEWL suggests more rigidity due to unfolding/ denaturation compared with IPPase at 100-MPa pressure. The astonishing observation is that the β-relaxation time τ β (T) is smaller for IPPase than for HEWL at all of the measured temperatures, contrary to what we observed at ambient pressure (41) . (24, 41, (60) (61) (62) . The dynamic transition temperature T D can be considered as the lowest temperature that enables proteins to have the necessary flexibility for different CSs. Our observed T D value at high pressure is consistent with previous observations at ambient pressure (41) . Therefore, the dynamic transition appears to be pressure independent, which is consistent with previous MD simulation results (63) . However, a significant difference between the MSDs of IPPase and HEWL is observed above T D at 100 MPa, which is completely different from the nearly identical MSDs of IPPase and HEWL observed at ambient pressure (41) . This contrast in MSDs is due to a pressure induced effect on the CSs of the proteins, which causes a change in the flexibility of the two proteins above T D . This observation is consistent with a recently published MD simulation calculation (64) . Here, we observe a smaller slope of the MSD in HEWL above T D , which is proportional to the structural resilience of the protein (65, 66) , implying that HEWL has increased stability (greater rigidity) and decreased activity, i.e., it loses its conformational flexibility due to pressure-induced unfolding. At the same time, IPPase tends to maintain its conformational flexibility under the same high pressure.
The Pressure Effect on Protein Dynamics and the Scenario of Distorted
Energy Landscapes. Our results indicate that pressure affects the dynamics of proteins and therefore brings about a reversal in the dynamical behavior of two protein samples at high pressure from ambient pressure (41) . Previous MD simulations have addressed the effect of pressure on protein ELs and have suggested that an invariant description of protein ELs should be subsumed by a fluctuating picture (63) . Fig. 5 shows schematic pictures of the denaturation phase diagram and ELs for both proteins, based upon our experimental results with respect to pressure and temperature (21, 30) . In Fig. 5 , Left, IPPase has a larger region of folded state in . The magenta dashed line shows the outline of our current measurements at 100 MPa. This phase diagram clearly demonstrates that, along the magenta dashed line, HEWL is unfolded/ denatured at 100 MPa at all of the measured temperatures, whereas IPPase remains in its native state until a relatively high temperature of 363 K (90°C). On the other hand, in our previous measurements at ambient pressure (41), both proteins were at their native states below 320 K. This explains why the dynamical behaviors of the two proteins are completely reversed at high pressures of 100 MPa compared with ambient pressure. The right two panels of Fig. 5 represent the schematic ELs of atomic fluctuations in IPPase and HEWL at ambient pressure and at a pressure of 100 MPa. Previous studies reported that pressure causes a decrease in the length of hydrogen bonds that are formed by backbone amide groups to carbonyl groups or surrounding water molecules, which shrinks the cavities in the native/folded state (67) . Such a reduction in the volume of cavities (33, 67, 68) , induced by pressure, will further cause changes in protein conformations (69) . Therefore, a change in volume of the cavities will agitate different CSs within the protein ensemble and hence distort the ELs. At high pressure, the ELs of a mesophilic protein such as HEWL are largely affected, resulting in a decrease of energy barriers between the native and denatured states. This makes it easy to cross the energy barrier to reach the unfolded/denatured state irreversibly, even at room temperature. On the other hand, the ELs of IPPase are also distorted by high pressure of 100 MPa, but the energy barriers between the native and denatured states are still high enough to sustain its conformational flexibility in its native state.
In general, high pressure dissociates the subunits of oligomers and destabilizes the protein, but the interesting aspect here is to understand why IPPase, an oligomeric protein, reflects physiological dynamic behavior under high pressure. This can be explained by assuming that cavities inside the protein are not disturbed due to its highly symmetric and closed oligomeric structure, which helps to maintain its native conformation and flexibility under high pressure as well as temperature. Previous work has also studied the enzymatic functions of several hyperthermophiles from the deep sea and found that they demonstrate higher rates of enzymatic activity at high pressure and temperature than that of simple monomeric proteins under the same conditions (38) . This exotic property of specific proteins such as IPPase enables some microorganisms to defy the effects of high pressure and temperature to sustain their lives under the deep seabed (70) .
Conclusion
In summary, our study reveals the effects of pressure on a large hyperthermophilic oligomeric protein IPPase and shows how it steadily maintains its conformational and dynamic properties in its native environment at high temperature and pressure. Also, our results indicate that, under a pressure of 100 MPa, IPPase displays much faster relaxation dynamics than a mesophilic model protein, HEWL, at all of the measured temperatures, opposite to what we have observed previously under ambient pressure (41) .
In addition, our experimental results indicate that pressure drives the volume reduction of intramolecular spacing (69) that causes mesophilic HEWL to lose its conformational flexibility as suggested by MSD results, and consequently, its catalytic activity. However, the hyperthermophilic protein IPPase is able to preserve its conformational flexibility and maintain its enzymatic activity at high pressure and temperature, supposedly due to its highly symmetric and closed oligomeric structure. Furthermore, we investigated the relaxation dynamics of proteins in the β-relaxation region in the time domain, vital to their biological activities. Both proteins follow a nonexponential logarithmic-like decay in the ISF as suggested by MCT for glass-forming liquids. The relaxation dynamics due to diffusion of H atoms in the time range of picoseconds to nanoseconds, decays more rapidly in IPPase than in HEWL at respective temperature under high pressure, opposite to what we observed under ambient pressure (41) . This dynamic reversal can be explained by a general schematic denaturation phase diagram together with ELs for the two proteins. Such a scenario can be further used as a general picture to understand the functional activities of thermophilic proteins under pressure. Our observation also strongly supports the hypothesis that the protein ELs are distorted by high pressure (28, 63) , which are significantly different for hyperthermophilic (IPPase) and mesophilic (HEWL) proteins.
Materials and Methods
Sample Preparation. Both IPPase and HEWL samples were purchased from iXpressGenes. The expression and purification processes of IPPase are briefly described in SI Materials and Methods. The HEWL sample was used without further purification. Before exposing to neutrons, the lyophilized IPPase and HEWL powder samples were hydrated with D 2 O with hydration level h = 0.37. Overnight hydration was performed by placing the powder samples with D 2 O vapor inside a glove box. The hydration level enables the protein to maintain its activity with at least a monolayer of D 2 O covering its surface (71) .
QENS. QENS experiments were performed using DCS (46) and HFBS (47) at NCNR. The DCS was operated at 6 Å, at which wavelength its energy resolution was 64 μeV (full width at half maximum), and a dynamic range suitable for our QENS data analysis of ±1.0 meV. The other spectrometer HFBS has an energy resolution of 0.8 μeV (FWHM, for the Q-averaged resolution value) and a dynamic range of ±17 μeV. The QENS measurements were performed at 100 MPa (1 kbar), at six temperatures ranging from 298 K (25°C, room temperature) to 363 K (90°C), in a wave vector transfer range from Q = 0.4 to 1.8 Å . The resolution function at HFBS was measured at 4 K, and that at DCS was from the measurement of a vanadium standard sample, where most of the signal is completely elastic. The elastic scattering data were obtained by performing fixed window scans at HFBS from 298 K down to 19 K, with a ramp rate of 1 K/min. In this mode, the Doppler drive (and therefore the monochromator) is stopped and only neutrons with the same final and initial energies are counted. High pressure was achieved using a commercially available two-stage helium intensifier. The samples were loaded into an aluminum alloy vessel with an inner sample space of 1.5 cm 
